X-linked dystonia-parkinsonism is a neurodegenerative movement disorder characterized by adult-onset dystonia combined with parkinsonism over the disease course. Previous imaging and pathological findings indicate exclusive striatal atrophy with predominant pathology of the striosomal compartment in the dystonic phase of X-linked dystonia-parkinsonism. The striosome occupies 10-15% of the entire striatal volume and the density of striosomes follows a rostrocaudal gradient with the rostral striatum being considered striosome-rich. Recent quantitative MRI analyses provided evidence for an additional involvement of the white matter and the pallidum. In this study, we aimed to (i) disentangle the degree of atrophy in the different subdivisions of the striatum; (ii) investigate changes of cortical morphology; and (iii) elucidate the role of the cerebellum in X-linked dystonia-parkinsonism. T 1 -weighted MRI scans were acquired in 17 male X-linked dystonia-parkinsonism patients with predominant dystonia (40.1 AE 7.5 years) and 17 ethnicity-matched male healthy controls (35.2 AE 7.4 years). Voxel-based morphometry used a region of interest-based approach for the basal ganglia and primary motor cortex, whole brain analysis, and a separate analysis of the cerebellum. Cortical thickness and subcortical volume were measured. Volume loss in X-linked dystonia-parkinsonism affected all parts of the striatum (À29% voxel intensity) but was most pronounced in the associative subdivision (À41%; P 5 0.001). The volume loss also involved the external and internal pallidum, albeit to a lesser extent than the striatum (À19% and À12%, P50.001). Cortical thickness was reduced in the frontal (À4.3%) and temporal cortex (À6.1%). In addition, we found grey matter pathology in the associative part of the cerebellum and increased voxel intensities in the anterior sensorimotor part of the cerebellum and the dorsal ponto-mesencephalic brainstem. Taken together, our analysis of subcortical and cortical grey matter in the dystonic phase of X-linked dystonia-parkinsonism showed that (i) the striosome-enriched rostral striatum was most severely affected; and (ii) cortical thickness was only reduced in those regions that predominantly have anatomical connections to striosomes. Moreover, the cerebellum may be implicated in both disease-related and compensatory changes, highlighting the significance of the cerebellum in the pathophysiology of dystonia. Keywords: X-linked dystonia-parkinsonism; striatum; cerebellum; matrix Abbreviations: BFMDRS = Burke-Fahn-Marsden Dystonia Rating Scale; DTI = diffusion tensor imaging; GPe/i = globus pallidus externus/internus; UPDRS = Unified Parkinson Disease Rating Scale; VBM = voxel-based morphometry; XDP = X-linked dystoniaparkinsonism
Introduction X-linked dystonia-parkinsonism (XDP) is a neurodegenerative disorder presenting with rapidly progressive dystonia and subsequent parkinsonism in later disease stages caused by an SVA (SINE-VNTR-Alus) retrotransposon mutation in the TAF1 gene Bragg et al., 2017; Aneichyk et al., 2018) . Initial symptoms usually appear during the third or fourth decade (Lee et al., 2002) and typically comprise focal dystonia (Lee et al., 2001 (Lee et al., , 2002 . Dystonia tends to generalize within the first 2-5 years and usually becomes less severe after a disease duration of 10 or more years . Parkinsonian signs may already coexist in the dystonic phase of XDP, but they clearly become more prominent as the dystonia declines .
In the first couple of years with predominant dystonia (XDP-D), clinical imaging revealed no or only mild atrophy of the striatum . In the following stages, i.e. combined dystonia-parkinsonism (XDP-DP) or exclusive parkinsonism (XDP-P), severe atrophy of the caudate head with ex vacuo dilatation of the frontal horns and putamen with 'slit-like' high signal intensity on T 2 -weighted images and low signal intensity in T 1 -weighted images was found (Lee et al., 2002) . In line with these structural changes, FDG-PET studies showed reduced glucose metabolism of the putamen and caudate head (Eidelberg et al., 1993) . Accordingly, a recent IBZM-SPECT study revealed severely impaired postsynaptic striatal dopaminergic neurotransmission (Bruggemann et al., 2017) , whereas data on presynaptic function remain conflicting (Eidelberg et al., 1993; Tackenberg et al., 2007; Bruggemann et al., 2017) . Post-mortem studies showed exclusive atrophy of the striatum with sparing of the nucleus accumbens and the substantia nigra (Lee et al., 2001 (Lee et al., , 2002 Goto et al., 2005 Goto et al., , 2013 Pasco et al., 2011) . Recent quantitative MRI studies in a smaller sample of patients with XDP confirmed atrophy of the striatum, but additionally disclosed involvement of the white matter possibly secondary to striatal degeneration, as well as atrophy of the pallidum (Bruggemann et al., 2016) .
The striatal microstructure harbours two neurochemically-defined compartments, the striosome and the matrix. Histopathological studies across species including mice, rats, monkeys and humans consistently demonstrate that the striosome occupies 10-15% of the entire striatal volume (Johnston et al., 1990; Desban et al., 1993; Crittenden and Graybiel, 2011) . Striosome and matrix are distributed across the striatum in a patchy fashion; however, the density of striosomes appears to follow a rostrocaudal gradient with the rostral striatum being considered striosome-rich and the dorsolateral putamen mainly consisting of matrix (Johnston et al., 1990; Desban et al., 1993) . In XDP, medium spiny neurons of the striosomes are thought to degenerate in the early phase of XDP resulting in dystonia, whereas degeneration of matrix medium spiny neurons is additionally present when levodopaunresponsive parkinsonism becomes more prominent (Goto et al., 2005) . Given the spatially distinct distribution of striosomes and matrix, we hypothesized that in early XDP, the rostral part of the striatum would show more advanced neurodegeneration than the dorsolateral part due to predominant striosomal pathology and the higher density of striosomes in the rostral putamen.
To address these questions, we performed high-resolution structural MRI in a group of patients with early XDP and predominant dystonia as well as in controls. We used voxel-based morphometry (VBM), volumetry and cortical thickness analysis to assess different aspects of grey matter composition. Aside from changes in the basal ganglia and corresponding cortical regions, we were also interested in potential anatomical alterations of the cerebellum given its emerging role in the pathophysiology of dystonia (Shakkottai et al., 2017) . In isolated dystonias, the connection between the cerebellum and the thalamus shows microstructural abnormalities that could potentially result in thalamo-cortical dysregulation and subsequent dystonia (Argyelan et al., 2009; Vo et al., 2015) . As there is a clear striatal pathology in XDP, we hypothesized that the cerebellum may exert an increased influence on the thalamus to counteract the dysfunction of the basal ganglia-thalamocortical circuit in XDP. Therefore, we performed separate and dedicated VBM of the cerebellum and the brainstem given the technical limitations of whole brain VBM in analysing infratentorial structures (Diedrichsen, 2006; Diedrichsen et al., 2010) .
Materials and methods

Participants
Eighteen male genetically confirmed XDP patients from the Philippines were asked to participate in a multimodal clinical-neuroimaging study at the University of Lü beck (Weissbach et al., 2015; Bruggemann et al., 2016 Bruggemann et al., , 2017 . Preliminary results on grey matter structural changes were recently published using a smaller subgroup of 10 patients and a different methodology (Bruggemann et al., 2016 (Bruggemann et al., , 2017 .
Sixteen of the 18 XDP patients underwent deep brain stimulation (DBS) of the internal segment of the globus pallidus (GPi) after taking part in the imaging study. They were recruited by their attending Filipino movement disorders specialists in collaboration with the Institute of Neurogenetics, University of Lü beck, Germany.
Because of severe head movements, scans of five patients were initially excluded from the analysis. In four of these patients, scans could be reacquired under general anaesthesia during the acquisition of the preoperative (DBS surgery) stereotactical planning MRI. Thus in total, MRI data of 17 patients could be included into the analyses. The stereotactic frame visible on the scans did not cause any artefacts or affect data quality.
The control group (n = 17) comprised relatives of the patients (n = 7) and other volunteers (n = 10) recruited through advertisement. All controls were neurologically healthy, male, of Filipino ancestry, and were negative for the disease-causing SVA insertion.
Because of non-normal distribution, potential age differences were determined by the non-parametric Kolmogorov-Smirnov test for two independent samples.
The study was conducted according to the ethical standards laid down in the 1964 Declaration of Helsinki and approved by the local ethics committee (AZ12-219). Before participation, written informed consent was obtained from all participants or their caregivers, respectively.
Clinical assessment
Clinical assessment comprised a video-recorded neurological examination. Motor function was assessed using the BurkeFahn-Marsden Dystonia Rating Scale (BFMDRS) motor score for dystonia and the Unified Parkinson Disease Rating Scale part III (UPDRS-III) for parkinsonism. Global cognitive function was assessed using Montreal Cognitive Assessment (MoCA), Frontal Assessment Battery (FAB), and Trail Making Test (TMT) ( Table 1 ). The ratio of TMT-B and TMT-A was calculated as a marker for executive functions because of the marked motor impairment with consecutive slowness in most patients.
MRI data acquisition
T 1 -weighted images of the whole brain were acquired on a 3 T MR Scanner in Lü beck, Germany (Achieva, Philips; 8-channel head coil) using a fast field echo (FFE) 3D MPRAGE sequence (sagittal orientation, 180 slices without gaps, matrix 240 Â 240, 1 Â 1 Â 1 mm 3 voxel size, field of view 240 mm Â 240 mm Â 180 mm, flip angle 9
, repetition time = 6.6 ms, echo time = 3.0 ms).
The last four patients (Patients L-8679, L-8446, L-8367 and L-8885) were examined in a different 3 T MR scanner (Ingenia, Philips; 8-channel head coil). T 1 -weighted images were acquired with a FFE 3D MPRAGE sequence (sagittal orientation, 180 slices without gaps, matrix 240 Â 240, field of view 240 Â 240 Â 180 mm, 1 Â 1 Â 1 mm 3 voxel size, flip angle 9
, repetition time = 6.8 ms, echo time = 3.1 ms). The two different scanner types were taken into account as a covariate in the VBM analysis.
Additionally, diffusion-weighted imaging was obtained in 17 patients with XDP and 16 healthy control subjects using a 32-direction diffusion tensor imaging (DTI) sequence (32-channel head coil, 70 slices, 2 Â 2 Â 2 mm voxel size, one b0 image, 1000 s/mm 2 , repetition time = 7582 ms, echo time = 60 ms) in the same scanners as the T 1 -weighted images.
Voxel-based morphometry
Preprocessing was done using SPM 8 (Wellcome Department of Imaging Neuroscience, London, UK, http://www.fil.ion.ucl.ac. uk/spm/) on Matlab (MATLAB and Statistics Toolbox Release 2013 b, The MathWorks, Inc., Natick, Massachusetts, USA) and the DARTEL (Diffeomorphic Anatomical Registration through exponentiated Lie Algebra) toolbox (Ashburner, 2007) .
First, scans were checked for (movement) artefacts and manually reorientated to the anterior commissure by the three axes in the Montreal Neurological Institute (MNI) coordinate system. Next, they were segmented into grey matter, white matter and CSF using the a priori tissue probability maps of SPM8. Because of the subjects' Southeast Asian ancestry, the East Asian ICBM template was chosen for affine regularization. Further alignment was done using DARTEL. DARTEL generates its own templates to which the data are iteratively adjusted, thereby aligning grey and white matter among the images at the same time. Thus, it provides reliable intersubject registration (Ashburner, 2007; Takahashi et al., 2010) .
To accomplish future reproducibility, data were normalized to MNI space rather than creating a group-specific template. Lastly, the images were modulated to preserve the total amount of grey matter in each region as recommended for VBM (Ashburner and Friston, 2000) and smoothed with a full-width at half-maximum isotropic Gaussian kernel of 8 mm.
For statistical analysis, a General Linear Model (GLM) with two potential nuisance covariates (age and scanner) was constructed. Global normalization was done by proportionally scaling to the total intracranial volume computed as grey matter plus white matter plus CSF volume.
An independent two-sample t-test was performed with a contrast of controls 4 patients and vice versa. All results are reported at a family-wise error (FWE)-corrected statistical threshold of P 5 0.05 and an extensive threshold of 10 voxels. Regions of interest [putamen, caudate nucleus (head, corpus, tail)], globus pallidus [externus (GPe) and internus (GPi)], substantia nigra and the primary motor cortex [M1 (Brodmann area 4)] were defined using explicit masks provided by the WFU Pick Atlas based on the Tailarach Daemon database converted to MNI space by the best-fit transformation (icbm2tal) (Lancaster et al., 1997 (Lancaster et al., , 2000 (Lancaster et al., , 2007 Maldjian et al., 2003 Maldjian et al., , 2004 . Based on the existing literature and our own previous work we had strong a priori assumptions for these regions. In detail, post-mortem studies demonstrated remarkable neuronal loss of the entire striatum including all parts of the putamen and the caudate nucleus (Goto et al., 2005 (Goto et al., , 2013 , which could be corroborated using nuclear and magnetic resonance imaging (Bruggemann et al., 2016 (Bruggemann et al., , 2017 . Further, a preliminary study in a lower number of XDP patients revealed grey matter changes of the pallidum (Bruggemann et al., 2016) . The substantia nigra was selected because XDP patients usually develop parkinsonism, and it is not entirely clear whether parkinsonism may in part be due to an additional degeneration of dopaminergic neurons of the substantia nigra. Moreover, medium spiny neurons of the striosomes project directly to dopaminergic neurons of the substantia nigra (Crittenden et al., 2016) . Lastly, M1 was selected because it is the final common pathway for eliciting motor actions. For the whole-brain analysis, masking was set to absolute masking with a threshold of 0.2. All results are reported at an FWE-corrected statistical threshold of P 5 0.05 and an extensive threshold of 10 voxels. Additionally, the mean voxel intensity of significant clusters in each region of interest was extracted with Fslstats (FSL utils, FMRIB Software Library v5.0, created by the Analysis Group, FMRIB, Oxford, UK) and further analysed using SPSS 21.0 (IBM Corp, Armonk, NY). To detect a possible gradient within the extent of striatal atrophy, masks for limbic, associative and sensorimotor basalganglia-cortical circuits were applied unto the smoothed and warped T 1 images. These areas were defined by connectivitybased subdivisions of the striatum (Tziortzi et al., 2014) and available in FSL. Subsequently, mean voxel intensities were extracted (fslstats).
VBM of the cerebellum and the brainstem was performed using the SUIT toolbox (http://www.diedrichsenlab.org/imaging/ suit.htm). SUIT is a high-resolution template atlas of the cerebellum and brainstem allowing for a better spatial realignment of infratentorial structures (Diedrichsen, 2006) . Preprocessing included manual reorientation to the anterior commissure, isolation and segmentation of the cerebellum with manual correction of the cerebellar mask where necessary and DARTEL based normalization to the SUIT MNI template. Lastly, data were smoothed with a kernel of 4 mm full-width at half-maximum.
An independent two-sample t-test was performed with a contrast of controls 4 patients and vice versa with an absolute threshold of 0.1. Group differences were considered significant if P 5 0.05 with a cluster level FWE correction for multiple comparisons (height threshold P 5 0.005). Significant clusters were anatomically localized to the cerebellar lobules by the use of a probabilistic magnetic resonance atlas of the cerebellum and visualized on the SUIT cerebellum template provided by the SUIT toolbox (Diedrichsen et al., 2009; Diedrichsen and Zotow, 2015) .
Subcortical volumetry and cortical thickness measurements
FreeSurfer was used for the analysis of grey matter volume and cortical thickness because of its robustness to multiple testing and comparability across different scanners and field strengths (Jovicich et al., 2009; Clarkson et al., 2011; Rajagopalan and Pioro, 2015) . For preprocessing, the standard protocol was applied including removal of non-brain tissue , segmentation of the subcortical grey and white matter (Fischl et al., 2002 (Fischl et al., , 2004 , intensity normalization, tessellation of grey matter-white matter boundary, automated topology correction (Segonne et al., 2007) and surface deformation following intensity gradients (Dale et al., 1999) .
In detail, this included manually checking for skull strip failure, segmentation errors and topological defects, correcting these and re-running parts of the protocol for new calculations of the surfaces where necessary. Lastly, data were smoothed with a smoothing kernel of 10 mm full-width at half-maximum and normalized to the fs-average surface in MNI-305 space.
A GLM was established with age as a nuisance factor and group (control/patient) as the discrete factor. Results were corrected using Monte Carlo simulation, a cluster-wise correction for multiple comparisons (Hagler et al., 2006) , and reported with a cluster-wise corrected P-value of 50.05 and a Bonferroni correction for both hemispheres. Volumetric analysis of the basal ganglia was performed after implementing the volumetric data computed by FreeSurfer into SPSS.
Diffusion-weighted imaging
DTI tractography was driven by the question whether a prominent brainstem cluster that was revealed by VBM is related to anatomical projections from the cerebellum to the contralateral thalamus. Previous neuroimaging studies have revealed microstructural changes of the cerebello-thalamic tract in different forms of dystonia (Argyelan et al., 2009; Ulug et al., 2011; Vo et al., 2015; Jochim et al., 2018) . The analysis was performed on an exploratory level.
Both preprocessing and analysis of DTI datasets were performed using the FMRIB's Diffusion Toolbox as established in FSL v5.0. First, brain extraction was performed using BET. Dtifit was used to view the principal eigenvector and to check whether the vectors were oriented according to their respective anatomy and whether bvec files needed to be modified. After applying susceptibility-induced off-resonance field estimation, distortions were corrected via topup. Eddy_correct was used for head movement and eddy current correction. Again, dtifit was used to revise diffusion tensors on eddy current corrected data. Bedpostx was used to run Markov Chain Monte Carlo sampling to estimate distributions of diffusion parameters and to model crossing fibres on each voxel. Fibre tracking as implemented in Probtrackx was performed using 5000 tract-following samples and a dual-fibre model at each voxel. Additionally, the loopcheck setting was used to terminate tracts that loop back onto themselves.
Different peak values of a cluster in the brainstem as assessed by VBM (and their surrounding voxels included in sphere masks of different sizes, see results) were evaluated as seed region for probabilistic tractography. We decided to use a 6-mm kernel size sphere around the peak voxel within the aforementioned cluster (MNI coordinates 9, À36, and À15). A termination mask containing the cerebellar lobules V from the Probabilistic Cerebellar MR Atlas (Diedrichsen et al., 2009) and both thalami from the Harvard Subcortical Atlas (Desikan et al., 2006) were defined, assuming that these are suitable regions to evaluate the cerebellothalamic tract. Tractography studies were thresholded at 25% connection probability and it was manually assessed whether a connection between cerebellar lobule V and the contralateral thalamus was present or not.
Additionally, an exploratory quantitative analysis of the reconstructed tract was performed by the means of fractional anisotropy, mean diffusivity and number of streamlines. Group comparison was done by an independent two-tailed ttest and Bonferroni correction was applied taking into account the three outcome parameters (P 5 0.05/3 = 0.0167).
Statistical analysis
Age-corrected ANCOVAs, mixed model ANCOVAs and partial correlation with correction for age and total intracranial volume (where applicable) were performed with SPSS. Sphericity violation corrected F-and P-values (GreenhouseGeisser) with uncorrected degree of freedoms (df) are reported in all analyses. Outliers [as defined by Grubbs' test (Grubbs, 1969) , http://graphpad.com/quickcalcs/Grubbs1.cfm] were eliminated to exclude overestimated effects in our correlation analyses by single subjects. All tests and correlations were considered significant in case of a P-value 5 0.05 (two-tailed). The basal ganglia were analysed with three techniques: region of interest-based VBM, whole-brain VBM and subcortical volumetry. Therefore, Bonferroni correction was used and a Pvalue of 50.05/3 (0.0167) was considered significant for these three analytical techniques.
Data availability
The data that support the findings of this study are available on request from the corresponding author.
Results
Demographics and clinical assessment
Data of 17 male XDP patients and 17 male age-matched (P = 0.240) controls were analysed [mean (standard deviation, SD), patients: 40.1 years (7.5), controls: 35.2 years (7.4)]. All patients carried the disease-causing SVA retrotransposon insertion in the TAF1 gene, whereas the controls did not. Duration from disease onset to MRI acquisition was short (mean = 3.1 years, SD = 1.7, range 1-7 years). Thirteen patients were in the dystonic phase of XDP (XDP-D), whereas four presented with a mixed dystonic-parkinsonian phenotype (XDP-DP). BFMDRS motor scores of 51.4/120 on average with a maximum of 88/120 illustrate the severity of dystonia in most cases (SD 23.2). Mean UPDRS-III score was 38.1 (SD 15.9) of a total sum of 108 points.
Thirteen patients received antidystonic medication at the time point of the MRI scan with only limited response, which is in keeping with recent findings . In detail, the following drugs were prescribed: clonazepam (n = 10), biperiden (n = 8), zolpidem (n = 5), levodopa (n = 3), diazepam (n = 1). The results did not change when antidystonic drugs were used as a regressor of no interest.
Voxel-based morphometry Basal ganglia
Region of interest analyses of the putamen, caudate nucleus, and pallidum showed significantly reduced voxel intensities in the patient group (Fig. 1A and Table 2 ). There were no significant intensity differences for substantia nigra or M1 between groups. Whole brain analysis corroborated the results for putamen, caudate nucleus, and pallidum and revealed no additional alterations (Fig. 1B and Table 3 ). The reverse contrast (patients 4 controls) yielded no significant results at peak level FWE correction. After correction at cluster level (FWEc 5 0.05 with a cluster defining threshold of P 5 0.001), two clusters were present in the cerebellum and the dorsal ponto-mesencephalic brainstem (Fig. 1C and (all P 5 0.001). In detail, mean intensity values of patients were 29% lower in the putamen, 24% in the head of the caudate, 41% in the body of the caudate, 19% in the GPe, and 12% in the GPi ( Fig. 2A-C Mean voxel intensity as a marker for grey matter density in caudate head (r = À0.742, P = 0.002) and body (r = À0.630, P = 0.009) and GPe (r = À0.563, P = 0.023) correlated negatively with disease duration, whereas this failed to be significant for the GPi (r = À0.471, P = 0.066) and total putamen (r = À0.515, P = 0.050) (for details see the Supplementary material).
In a next step, we aimed to compare voxel intensities in functionally defined subdivisions of the striatum. Reduced mean voxel intensities were found in all subdivisions of patients with most pronounced changes in the associative part of the striatum [limbic: F(1,31) = 55.00; À26%, associative: F(1,31) = 97.11: À41%, sensorimotor: F(1,31) = 78.36; À27%, all P 5 0.001] (Fig. 2D) . Accordingly, the interaction of group Â striatal subdivision was strongly significant [F(2,60) = 78.46, P 5 0.001].
There was a negative correlation of disease duration with mean voxel intensity in the limbic (r = À0.632, P = 0.009) and associative (r = À0.567, P = 0.028) subdivision but not in the sensorimotor part (Supplementary material). There was no correlation of anatomical changes of the associative striatum with cognitive scores, i.e. MoCA, FAB, and TMT (P 4 0.05).
Cerebellum and brainstem
In the patient group, VBM of the cerebellum revealed reduced voxel intensities in Crus I, the lateral parts of Crus II, and lobule VIIb bilaterally. In contrast, voxel intensities were increased in the lobules I-IV of both hemispheres, the left lobule V, and the brainstem cluster that was already identified in the whole brain analysis (Fig. 1D) . No correlation was found between cognitive scores and grey matter changes of the associative cerebellum (P 4 0.05).
Volumetry
In keeping with the abovementioned VBM results, the volume of the putamen [F(1,30) = 153.00], caudate nucleus [F(1,30) = 78.58], and pallidum [F(1,30) = 61.98] was significantly different between groups (all P 5 0.001).
Comparison of mean values indicated marked volume loss in the putamen (À43%), caudate nucleus (À44%), and pallidum (À41%) of patients ( Fig. 3A-C) . Caudate volume loss correlated significantly with disease duration (r = À0.567, P = 0.034) (Fig. 3D) , whereas this correlation failed to be significant for the putamen and pallidum (Supplementary material).
In addition to the basal ganglia volume loss, the total subcortical grey matter volume was also markedly reduced in patients [À21%, F(1,30) = 104.36, P 5 0.001]. The Data represent significant clusters of the whole brain analysis (P 5 0.05 FWE with an extended threshold of 10 voxels) with t-values, size of the cluster, MNI coordinates of the peak voxel and labelling according to the AAL atlas (Tzourio-Mazoyer et al., 2002) . The reverse contrast was considered with a lowered significance threshold at cluster corrected FWEc 5 0.05 (height threshold P 5 0.001). L = left; R = right. a Note that the cluster contains not only the putamen but extends to the caudate and pallidum on both sides (Fig. 1B) .
total cortical volume, however, was only slightly reduced [À7%, F(1,30) = 9.63, P = 0.004]. Total subcortical volume loss correlated significantly with the score of the motor part of the UPDRS as an indicator of disease severity (Supplementary material).
Cortical thickness analysis
Using the Monte Carlo simulation with cluster-wise corrected P 5 0.05, no group differences were present with regard to cortical thickness on either hemisphere. The mean overall cortical thickness however, was slightly decreased in patients [À4. 
Probabilistic tractography
As mentioned above, a cluster in the dorsal ponto-mesencephalic brainstem was identified using whole brain VBM showing higher voxel intensities in patients. As this region was previously related to microstructural changes in the cerebello-thalamic tract in different forms of dystonia (Argyelan et al., 2009; Ulug et al., 2011; Vo et al., 2015; Jochim et al., 2018) , we used this cluster as a seed point for an exploratory probabilistic tractography and defined the lobule V of the cerebellum and the thalamus as targets. Data represent significant clusters of the analysis of cerebellum and brainstem (P 5 0.05 FWEc, height threshold of P 5 0.005) with t-values, size of the cluster, SUIT MNI coordinates of the peak voxel and labelling according to the probabilistic magnetic resonance atlas of the human cerebellum (Diedrichsen et al., 2009) .
Using this approach, we were able to reconstruct a tract between the cerebellum and the thalamus passing through this brainstem cluster in 9/17 XDP patients and 8/16 healthy controls (Fig. 4) . Quantitative analysis of the reconstructed tract revealed lower fractional anisotropy values in XDP patients (0.343 AE 0.016) than in controls (0.394 AE 0.016) although this difference was not statistically significant when adjusting for multiple comparisons [P = 0.041 (40.0167)]. Mean diffusivity values (XDP 0.73 AE 0.011 versus controls 0.71 AE 0.012, P = 0.255) and number of streamlines (26240 AE 3812 versus 27831 AE 4080, P = 0.577) were comparable between groups.
Discussion
The present study aimed to quantify neuropathological changes in XDP using high-resolution MRI. In line with post-mortem studies, we were able to identify remarkable striatal volume loss of up to 45% in comparison to agematched controls despite a short disease duration of a maximum of 7 years.
Volume loss affected all parts of the striatum but was most pronounced in the associative subdivision. It is assumed that the striosome compartment is predominantly expressed in this rostral region and in the limbic portion of the striatum. The volume loss was present in the limbic subdivision of the striatum but was, however, less pronounced. Another finding was a reduced cortical thickness of the frontal and temporal cortices in XDP patients. These cortical regions are strongly connected with the rostral part of the striatum that appears to show a higher density of striosomes. In contrast, cortical thickness was unchanged in the parietal cortex that is connected to the dorsolateral striatum in which striosomes are present but less densely expressed. The structural changes extended beyond the striatum and also involved both the external and internal part of the pallidum albeit to a lesser extent than the striatum. As the cerebellum can independently play a pathophysiological role for dystonia, we performed a dedicated analysis of the cerebellum and found (i) grey matter pathology in posterior cerebellar regions; and (ii) increased voxel intensities in the anterior cerebellum and the dorsal ponto-mesencephalic brainstem, the latter including cerebello-thalamic connections.
Striatal pathology in XDP
A number of previous VBM studies in other forms of dystonia have identified microstructural changes of the grey matter in the basal ganglia and sensorimotor regions of the cortex (Etgen et al., 2006; Egger et al., 2007; Martino et al., 2011; Zoons et al., 2011; Zheng et al., 2012) . In comparison to XDP, these differences were subtle and heterogeneous. The striatal grey matter density was reported to be either increased, similar or decreased in comparison to non-affected controls. It could also be shown that the somatotopic organization is altered in the putamen of patients with dystonia (Delmaire et al., 2005) . Unlike XDP, most other forms of dystonia are not associated with neurodegeneration, which explains the much smaller degree of structural changes and the high variability.
Disease duration correlated with caudate nucleus volume and grey matter composition of the caudate nucleus and GPe by means of VBM-related signal intensity. The linear relationship suggests that the measurable neurodegenerative process starts long before the first symptoms of XDP develop and earlier than previously expected emphasizing the necessity to study asymptomatic carriers of the TAF1 mutation. MRI in this at-risk cohort has the potential to reveal an imaging marker that can be deployed as progression marker of presymptomatic XDP or outcome measure for future clinical trials with neuroprotective drugs. Presymptomatic neurodegeneration of the striatum is also well known from Huntington's disease. Here, quantitative MRI is able to predict disease onset by morphometric values as for example caudate volume and is accepted as a biomarker for neurodegeneration (Aylward et al., 2004; Hobbs et al., 2010) .
The striatum is functionally divided into limbic, associative and sensorimotor regions corresponding to an anatomical and physiological segregation of paralleled subcorticalcortical circuits (Parent and Hazrati, 1995; Joel and Weiner, 2000; Postuma and Dagher, 2006; Jung et al., 2014) . As mentioned above, the degree of striatal loss in the dystonic phase of XDP was most prominent in the associative subdivision. Interestingly, error processing and behavioural adaptation as assessed by an error-related negativity paradigm are markedly impaired at this stage of the disease (Beste et al., 2017) . These cognitive processes are mainly mediated by the anterior cingulate cortex (ACC), which is a paralimbic cortical region being connected with the striosomal compartment of the rostral striatum (Jung et al., 2014; Janssen et al., 2015; Blood et al., 2018) . In the dystonic phase of XDP, the connectivity between the 'striosome-weighted' ACC and the striatum was shown to be reduced corroborating the causal relationship of striosomal decline, impairment of cortical projections and subsequent executive dysfunction (Blood et al., 2018) . Thus, atrophy of the associate subdivision could represent the structural correlate for executive dysfunction in early XDP. As the striatum is involved in many other aspects of behaviour, future studies should thoroughly investigate correlates of neurodegeneration in the limbic and associative parts of the striatum and relate these clinical measures with neuroanatomical changes. Further, longitudinal studies in asymptomatic mutation carriers who are going to develop XDP with a high likelihood are warranted to clarify whether volume loss primarily involves a specific subdivision of the striatum, e.g. the associative part, and spreads to other subregions. Alternatively, progression rates in striatal subregions may be different resulting in the striatal atrophy pattern observed here.
Cerebellar pathology in XDP
In addition to the well-studied striatum, recent imaging studies revealed reductions of cerebello-thalamic connectivity in dystonia patients, carriers of mutations in dystoniarelated genes regardless of whether they exhibited the phenotype or not, and in Tor1a knockout mice (Argyelan et al., 2009; Ulug et al., 2011; Vo et al., 2015; Jochim et al., 2018) . In myoclonus-dystonia, conflicting findings were reported along with increased white matter volume in the area between the cerebellum and the thalamus (van der Meer et al., 2012) . In light of the absence of a clear pathology in the aforementioned monogenic dystonias, it cannot be concluded whether the microstructural changes of the cerebello-thalamic projections are disease-related or compensatory. In contrast to DYT-Tor1A and DYT-SGCE, XDP is characterized by severe neurodegeneration of the striatum and therefore increased grey matter volumes probably indicate compensatory mechanisms that may counteract the pathological striato-pallido-thalamo-cortical circuit in XDP. Surprisingly, we identified a heterogenous pattern of grey matter volume gain and loss in the cerebellum and brainstem of XDP patients. In detail, volume gain was observed in the anterior lobe including the lobules I-V and lobule VIII. These cerebellar regions are involved in the sensorimotor cerebello-thalamic circuit. In contrast, grey matter loss was observed in the posterior cerebellum including lobules VI, VII, Crus I and Crus II. These anatomical areas represent the part of the cerebellum in which cognitive information is being processed (O'Reilly et al., 2010; Stoodley and Schmahmann, 2010; Stoodley et al., 2012; Koziol et al., 2014) . Although the volume loss is much less pronounced than in the striatum, the similarities with a distinct grey matter loss in associative regions of the basal ganglia and the cerebellum are striking. It remains speculative but there may be a link between these potentially corresponding brain areas as direct disynaptic connections between the striatum and the cerebellum have been identified (Hoshi et al., 2005) .
The grey matter increase in the anterior, sensorimotor part of the cerebellum and the dorsal brainstem is in line with findings in cervical dystonia (Piccinin et al., 2014) where similar changes were observed. Aside from local changes in the cerebellum, the brainstem cluster in our patients showing elevated voxel intensities upon VBM was located in the vicinity of the cerebello-thalamic tract. Increased cerebello-thalamic connectivity that may counteract the disinhibited striato-pallido-thalamo-cortical circuit on the thalamic level; however, could not be proven given (i) the explanatory nature of our analysis; (ii) the rejection of tract reconstruction in a considerable number of patients ($50%); and (iii) the equal number of streamlines within this tract between patients and controls. Given the exploratory character, our DTI results are insufficient to generalize this specific finding.
Clinical parameters and structural changes
Limitations included the relatively narrow range of disease duration that may have prevented correlations of anatomical changes with clinical variables from being significant. The patients were mainly in their dystonic phase and thus, not the entire clinical spectrum was captured. Further, 13 patients received antidystonic drugs that may have had a minor influence on clinical severity although oral treatment is largely ineffective in XDP. We thus do not think that the medication had a significant effect given the very high severity scores for dystonia and parkinsonism and the necessity for subsequent DBS in 16 of these patients.
The correlation of clinical scores with anatomical regions was far from being significant in most cases. One explanation could be that the structural alterations that we assessed (grey matter texture and volume) are a common final pathway of neurodegeneration in XDP that does not or does no longer correlate with the severity of the clinical phenotype. Thus, more sophisticated methods/MRI sequences are warranted to reveal more specific tissue alterations, e.g. demyelinization, iron deposition and increased water content. In this context, iron-sensitive MRI sequences including T 2 * imaging and sequences, which are sensitive to detect demyelinating processes, e.g. magnetization transfer imaging, harbour the potential to correlate with phenotypic features. Further, the clinical expressivity of XDP could alternatively depend on functional changes that do not increase in a linear relationship with the anatomical alterations in XDP. Functional MRI could have the potential to reveal functional changes including disease-related alterations and compensatory processes that may exceed the changes that we observe in our structural analyses and that may truly correlate with clinical parameters. Moreover, the applied motor rating scales, BFMDRS and UPDRS-III, are not specifically differentiating dystonia-and parkinsonism-related constraints of movement performance. High UPDRS III scores may, for example, result from motor impairment due to dystonia and dystonic tremor without the presence of overt parkinsonian signs. A specific disease-related rating scale (XDP-MDSP rating scale) that helps disentangling the peculiar phenotype of XDP has now been launched (Pasco et al., 2017) . The scale, however, was only published recently, which is why we were not able to apply it to the patients investigated in this study. The applied scales may not have been sensitive enough to reveal XDP-specific clinical features that could have correlated with grey matter measures. However, as XDP is a rare disease, larger cohorts are difficult to recruit and to scan in a systematic fashion. Moreover, dystonia in XDP often involves the upper body half resulting in excessive head movements and subsequent exclusion of MRI data from further analysis. In the present study, part of the imaging data were acquired during stereotactic planning MRI prior to DBS surgery in general anaesthesia. This approach allowed us to obtain high quality data.
We did not observe any relationship between volume changes of the associative striatum and the cerebellum with global cognitive function. One reason might be the limited number of patients with complete datasets (n = 14/ 17). More importantly, however, we think that the assessed global scores do not capture the distinct cognitive profile of XDP in an appropriate manner and may therefore not be sufficient to reveal any possible correlation with anatomical changes. In the future, it will be tempting to combine behavioural paradigms assessing different cognitive domains in more detail with electrophysiology and MRI.
Limitations
An important limitation is grounded in the impossibility to directly visualize the two striatal compartments, i.e. striosomes and matrix, using neuroimaging. Thus, our imaging findings in living patients cannot be directly related, quantified and substantiated with striosomal changes that were reported in previous neuropathological studies (Goto et al., 2005 (Goto et al., , 2013 .
Further, the tractography study was done post hoc and on an exploratory level and harboured the main limitation that the tract between cerebellum and contralateral thalamus could be reconstructed in 17/33 subjects only. In this context, the main difference to other tractography studies is that we used a brainstem cluster as seed region and two target regions located in two different directions, the cerebellum and the thalamus, which makes the tractography more prone to discontinuations. Another important consideration is that in vivo DTI imaging of the brainstem is limited by a low spatial resolution given the close proximity of several nuclei and tracts, and large susceptibility-induced distortion artefacts. This limitation, however, concerns any DTI study that aims to reconstruct infratentorial white matter tracts. Our DTI sequence was comparable with DTI sequences previously reported in studies where the cerebello-thalamic tract was reconstructed in dystonia patients (b-value 800-1400 s/ mm 2 , 0.9 Â 0.9 Â 1.8 to 1.8 Â 1.8 Â 2 mm 2 voxel size, 33-64 gradient directions) (Argyelan et al., 2009; Vo et al., 2015; Jochim et al., 2018) . One advantage of our DTI protocol was the use of a 32-channel head coil instead of an 8-channel head coil. Therefore, the inability to reconstruct the cerebello-thalamic tract in all subjects resulted most likely from the difference in methodological approaches. The identification of the cerebello-thalamic tract in a subset of subjects is therefore an exploratory side aspect of our study and should not be overinterpreted.
Conclusion
Using quantitative MRI, our study revealed prominent atrophy of the associative part of the striatum in the dystonic phase of XDP. Volume loss extended beyond the striatum and also involved the external and internal part of the pallidum, albeit to a lesser extent than the striatum. An increased cerebello-thalamic outflow may be a mechanism by which the brain aims to counteract the disinhibited striato-pallido-thalamo-cortical loop. Conversely, posterior parts of the cerebellum showed grey matter loss, which challenges the current concept of XDP as a model disease with a purely striatal pathology.
